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Abstract 

It is pointed out that in a seesaw quark mass matrix model which 
yields a singular enhancement of the top-quark mass, the right-handed 
fermion-mixing matrix for the up-quark sector has a peculiar struc¬ 
ture in contrast to the left-handed one Uf. As an example of the explicit 
structures of Uf and Up, a case in which the heavy fermion mass ma¬ 
trix Mp is given by a form [(unit matrix) + (rank-one matrix)] is inves¬ 
tigated. As a consequence, one finds observable signatures at projected 
high energy accelerators like the production of a fourth heavy quark 
family. 
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I. INTRODUCTION 


Why is the top-quark mass rn t so singularly enhanced compared with the 
bottom-quark mass rrii, (while keeping m u ~ m^)? Why does only the top-quark 
have a mass of the order of the electroweak scale rriw- Recently, it has been pointed 
out [1,2] that a seesaw quark mass matrix model [3] can give a natural answer to 
these questions. 

In the conventional seesaw mass matrix model [3], we assume vector-like 
heavy fermions Fi in addition to the conventional three-family quarks and leptons 
fi (/ = u,d,u,e] i = 1,2,3). These fermions / and F belong to f R = (2,1), 
f r = (1,2), F l = (1,1) and F r = (1,1) of SU(2) L xSU(2) R . The fermions F 
acquire masses M F at a large energy scale /./ ~ A m 0 . The symmetries SU(2) L and 
SU(2)/{ are broken at the energy scales // ~ mo and // ~ mo, respectively. Then, 
the 6x6 mass matrix M for the fermions (/, F) is given by 


( 0 "M =roo ( 0 M 

f m R Mf ) ^ kZ r A Y j 


( 1 . 1 ) 


where matrices Z F , Z R and Y are dimensionless matrices with the order of one. 
For |A| |/c| 1 and detM^ ^ 0, the 3x3 mass matrix for fermions /, Mf. is 

approximately given by the well-known “seesaw” expression [4] 

M f ~ -m L Mp l m R , (1.2) 

so that the fermion masses m{ (■i = 1,2,3) are suppressed by a factor k/\ to the 
electroweak scale mo- This was one of the motivations for considering a seesaw 
mechanism for quarks [3] before the discovery of the top quark [5]. However, the 
observation of the large top-quark mass has demanded that top-quark mass should 
be of the order of mo without the factor n/X. 

Recently, it has been found [1,2] that the seesaw mass matrix with detM^ = 0 
can yield fermion masses m{ and mf = m{ +3 (i = 1, 2, 3) with the following order: 


mi, m 2 ~ (/c/A)m 0 , 
rn 3 n-j m 0 n-j 0{m L ) , 
m 4 ~ K'rrio ~ 0(m R ) , 

777.5, me ~ At? 7 o ~ 0(M f ) . 

Note that the third fermion mass does not have the factor k/X. Therefore, if the 
heavy fermion mass matrix Mp takes det Mp = 0 in the up-quark sector, we can 


o 



understand why only the top-quark has a mass of the order of rriL without the 
suppression factor k/\. This was first explicitly derived by Fusaoka and the author 
[1] on the basis of a special seesaw mass matrix model, “democratic seesaw mass 
matrix model”, where Mp is given by the form [(unit matrix)-!-(a rank-one matrix)], 
and then generalized by Morozumi et al. [2], 

In the present paper, we will point out that in such a model the right-handed 
fermion-mixing matrix Ur has a peculiar structure in contrast to the left-handed 
one Ul, he., as if the third and fourth rows of Ur are exchanged each other in 
contrast to Ul- In Sec. II, we will discuss general properties of the fermion mass 
spectrum and the mixing matrices Ul and Ur in the would-be seesaw mass matrix 
(1.1) with det M F — 0. In Sec. Ill, in order to see the more explicit relations between 
the Cabibbo-Kobayashi-Maskawa (CKM) [6] matrices Vl and Vr, we investigate 
a case with constraints Zl = Z L and Y T = Y which are not so restrictive and 
which most models can satisfy. In Sec. IV, as an explicit example of Ul and Ur, we 
evaluate the mixing matrices for the case of the “democratic seesaw mass matrix 
model” which can yield realistic quark masses and CKM matrix Vl- The final 
section V will be devoted to the summary. 

II. GENERAL STRUCTURES OF 
THE FERMION MIXING MATRICES 

The mixing matrices Ul and Ur are obtained by diagonalizing the following 
Hermitian matrices Hl and Hr, respectively: 


H l = MM t 


rriLm' L mpM F 

M F m\ M F Mp + mRirip 


2 ( Zl Z{ \Z l Y » \ 

0 \ \YZl A'VT + ,:-Z K Z\< j ’ 

H R = M'M=( m \ m « t m « M y ) 
y M F m.R M F M F + m' L mL J 

_ 2 ( k 2 ZrZ« k\zIy \ 

- m ° \ kA Y<Z r \‘Y’Y + z\z L J 


( 2 . 1 ) 


( 2 . 2 ) 


For detMp ^ 0, we can obtain the well-known seesaw expression (1.2) since the 



3x3 Hermitian matrices H[ and H R for fermions are approximately given by 


H[ ~ m L m' L — m L M' F (M F M' F + m R m R ) 1 M F m' L ~ —, 

(2.3) 

H R ~ m R m R — m' R M F (M F M R + M F m R ~ —{mLM F l m R )^rriLM F 1 m R . 

(2.4) 


The 6 x 6 mixing matrices Uj j and U R are approximately given by 


jj ~ f A l 0 W 1 - m L M F 1 \ _ / - A L m L M F 1 \ 

L ~ \ 0 \ 1 J “ \ B L Mp l m[ B L ) ’ 

(2.5) 

jj ^ f A r 0 W 1 -m^Mp 1 \ _ I A r -A R m ] R M]r l \ 

y 0 B r J y M F l m R 1 J y B R M F l m R B R J 


where the 3x3 unitary matrices A and B are defined by 


( 2 . 6 ) 


—A F rriLM F l m R A\ — Df , B F M F B R — D F 


(2.7) 


Df = diag(m{, m^, m{) and D F = diag ( 777 . 4 , m ii m t) = diag(mf, mf). The 

mixing matrix U R has a structure similar to U F except for the point that the off- 
diagonal elements (U^ik and ( Ul)m i} = 1,2,3 ; k — 4,5,6) have a suppression 
factor 1/A, while ( U R )ik and ( U R )ki have a suppression factor k/\. 

On the other hand, for the case of detMp = 0, the seesaw expression (1.2) 
is not valid any longer. For the case of detMp = 0, without losing generality, we 
can choose a heavy fermion basis where the mass matrix M F is given by a diagonal 
form 


M F = A m 0 


/ 0 0 0 \ 
0*0 
y 0 0 *) 


( 2 . 8 ) 


where * denote elements with the order of one. Then the Hermitian matrices (2.1) 


A 



and (2.2) take the following textures: 


* 

* 

* 

0 

~ A 

~ A ^ 

* 

* 

* 

0 

~ A 

~ A 

* 

* 

* 

0 

~ A 

~ A 

0 

0 

0 

~ K 2 

~ K 2 

~ hi 2 

~ A 

~ A ~ A 

~ hi 2 

~ A 2 

~ hi 2 

~ A 

~ A ~ A 

~ hi 2 

~ K 2 

~ A 2 ) 

~ K 2 

~ K 2 

r'U 

hi 2 0 

~ hiX 

~ kX ^ 

~ hi 2 

~ hi 2 


K 2 0 

~ hi X 

~ hi X 

~ H 2 

~ hi 2 


hi 2 0 

~ hiX 

~ kX 

0 

0 


0 * 

* 

* 

~ kX 

~ nX 

rs-/ 

kX * 

~ A 2 

* 

~ hiX 

~ hi A 


hiX * 

* 

~ A 2 ) 


(2.9) 


( 2 . 10 ) 


Note that (H L ) 33 <C (H L ) 44 , while (Hr ) 33 S> (Hr) 44 . This causes the exchange 
between the third and fourth rows in U R in contrast to Ul■ Asa result, the mixing 
matrix U R has matrix elements of the order 


in contrast to 


U R = 


* 

* 


* 

* 


rs-/ — r^j — 

A A 


rs-/ — r^j — 

A A 


* 

* 


K \ 

~ A ' 


rs_/ — 

A 


U L = 


~ A \ 


( 2 . 11 ) 


( 2 . 12 ) 


The structures (2.11) and (2.12) mean that the dominant components of the fermions 



in the up-quark sector are given by 


UL ^ ( 2 , 1 ) , 

cl ^ ( 2 , 1 ) , 

t L - (2,1) , 

?l - ( 1 , 1 ) , 

u 5L ^ (1,1) , 
Uq L ^ (1,1) , 


Ur ^ ( 1 , 2 ) , 

c R ^ (1,2) , 

tR ^ ( 1 , 1 ) , 

4 -M , 

U 5 R ~ (1,1) , 

«6R - (1,1) , 


(2.13) 


of SU(2 )lxU(2)r, where we have denoted the fermion as t'. We should notice 
that t and t' have exceptional structures differently from other fermions / and F. 

We consider that in the down-quark sector the seesaw expression (1.2) is well 
satisfied, so that the mixing matrices Ul and Ur are given by normal structure as 
(2.12). Then, the CKM matrix Vl is given by 


V L = 


r\j — rsj — r^j — 


(O' 

(O' 

(O' 


(O' 

(O' 

(O' 


(O' 

(O' 

(O' 


(2.14) 


while the CKM matrix Vr for the right-handed weak currents is given by 


Vr = 


* 

* 


* 

* 


r^j — 

A 


~ A 


(s); 

(O' 


(«); 

00 ' 




(s) - (0 - (O' 


(o; 

iff) 


(2.15) 


where the factors (1/A) 2 and ff/X) 2 come from the reason that the heavy fermions 
F t are (1,1) of SU(2) L xSU(2) R in the present model. 

III. CKM MATRICES V L AND V R 

In order to see these relations (2.14) and (2.15) explicitly, we consider a 





model with additional constraint 

Z t r = Z l , Y t = Y. (3.1) 

The constraint (3.1) are not so restrictive, and most seesaw mass matrix model will 
satisfy this constraint. 

For the down-quark sector in which the seesaw expression (1.2) is valid, from 
(2.1) - (2.6), we obtain the relations 


uS = (usr, us, ~ Kps ,)', 

UEd — K (Ub d )* , Up D ~ (Up D )*, 


where the 3x3 matrices U a b (a, b — f,F) are defined by 


U f 


Uff U fF 
Uf f Uff 


(3.3) 


For the up-quark sector with (letM f = 0, the seesaw expression (1.2) [there¬ 
fore, (2.5) and (2.6)] is not valid any longer, ffowever, when we define Ur = P^aUr, 
where 


/ 1 0 0 0 0 0 \ 

0 1 0 0 0 0 

0 0 0 1 0 0 

0 0 1 0 0 0 

0 0 0 0 1 0 

v 0 0 0 0 0 1 ) 


(3.4) 


we can see that the mixing matrix Ur has a structure similar to Ul, because 
UrHrUr = (DPuYDPm = diag(mf, m 2 , m|, m|, m|, m|) has the structure similar 
to UlH l Ul = D 2 = diag(mf, m|, m|, m|, m|, m§) apart from the exchange of the 
coefficients, !<-»•/« [see (2.9) and (2.10)]. Therefore, we obtain the relations 


Uju ^ (ULT, Uyj - <[/)• . 

— K (Uu u )* , ~ ( UijuYi 


(3.5) 


similarly to (3.2). 
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by 


Since the CKM mixing matrix Vl for the left-handed weak currents is given 


( uL v5 u \(i o W c/« u«\_( v&j$ ut u u L D \ \ 

1 TjL ttL I 1 n nil TT l f TT l t I 1 TjL tt l t ttL ttL t I ’ f ' > 

\ u Uu U UU ) \ U U / V U dD u DD ) \ u Uu U dd u Uu U Dd j 


the CKM mixing matrix Vr for the right-handed weak currents is given by 


V R = P 3 4 


ul Uju 

Ui}u Uuu 


1 0 \( U™ u™\ ( U*U*} U*U« i \ 

0 0 ) { US, ugt D ) 34 { U§JJ% ug u u«\ ) 


p ( (Kt)* <vjb)‘ t 

34 ^ K (V^)* K \vg D T ) ' 

Therefore, we find 

r* = tyJfY i = «>c; j =d,s,b , 

V,?=(Vf j y j = d,s,b , 

Vf, = (Vir j = d,s,b . 


(3.7) 


(3.8) 


As seen from (3.8), the right-handed weak-interaction structure of t' is the same as 
the left-handed weak interaction structure of t. 

In general, in the left-right symmetric model [7], the ITVrexchange diagrams 
can sizably contribute to the K°-K° mixing [8]. However, in the present model, 
although the right-handed weak currents for u and c can contribute to the K°-K° 
mixing as pointed out in Ref. [7], those for t and t' are negligibly small, because 
(t' R ) is doublet of SU(2) i ( R ), while t R (t' L ) is almost singlet of SU(2) R ( i ). Also the 
contributions for u 5 and uq are negligibly small because of the suppression factors 
(1/A) 2 and (k/ A) 2 . For example, the A' 0 -7d° mixing amplitude via (t,t r ,W l,Wr) 
is suppressed by a factor (1/A) 2 compared with that via (t, t, Wl, Wl). The next 
leading term to the diagram (t, t, Wl,Wl) is a diagram (t 1 , t', Wr, Wr) which is 
suppressed by a factor (1/ft) 2 compared with the diagram (t,t, Wl, Wl)- For ft > 
10, the contributions are negligibly small. 

Since the fourth up-quark t' has a comparatively light mass (of the order of 
mw R ), we can expect the observation of t '~production via the reaction d + u —> t' + d 
with the Wr exchange, for example, at LHC. Since we consider rn(Wn) ~ nrniWi), 
we obtain 

<r(p + p —>t' + X ) ~ \a(p + p —> t + X) . (3.9) 

ft 4 
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The decay width of t', T#, is given by 


_ m t'/ m w R 

r t ~ m t/ m w L 


(3.10) 


from (3.8). 


IV. NUMERICAL EXAMPLE FOR A SPECIFIC MODEL 

Thus, as far as the mass matrix (1.1) satisfies the form (3.1), the CKM 
matrix Vr can be related to Vr irrelevantly to the explicit structures of Z and Y. 
However, in order to see the effects of the flavor-changing neutral currents (FCNC), 
we need the explicit forms of Uf^ R} and Uf^ R) separately, because the left- (right-) 
handed FCNC among the conventional fermions /* (i — 1, 2, 3) are proportional [9] 
to the matrices (see Appendix) 

cl (R) = yTlyT 1 )' • (4.1) 

So, it is interesting to see the explicit structures of Ur and Ur for a realistic model 
which can give reasonable quark masses and the CKM mixing matrix parameters. 

As an example, we choose the democratic seesaw mass matrix model [1], 
where Mr is given by the form [(unit matrix) +(a rank-one matrix)]: 

M f = Xm 0 Yf = Am 0 (l + 3 bfX) , (4.2) 


where 1 and X are the 3x3 unit matrix and a rank-one matrix with the condition 
X 2 = X, respectively, and bf is an /-dependent complex parameter. The name 
“democratic” [10] comes from the following assumption: the matrices Zr and Zr 
are given by a diagonal form in the heavy fermion basis on which the matrix X is 
democratic, i.e., 


X 


( 1 1 1 \ 
111 
U 1 1/ 


(4.3) 


For simplicity, we assume that the matrices Zr and Zr have a common structure 
except for their phases: 


= P(5 l )Z , Zr = P(8r)Z , 

(4.4) 

P{6) = diag(e iS \e iS \e i53 ) , 

(4.5) 


Q 



where the matrix Z is a real-parameter matrix 



/ 

Zl 

0 

0 ^ 

z = 


0 

^2 

0 



0 

0 

-3 / 


(4.6) 


with z\ + z\ + z\ = 1, and it is universal for all fermion sectors (up- and down-, 
quark and lepton sectors). In order to obtain input values for the parameters z, n we 
assume that the parameter bf takes the value b e = 0 in the charged lepton sector, 
so that the parameters z t are given by 



1 

\Jm e + + m T 


(4.7) 


from M e = mo(/«/A) P(8 e L — Sj/) ■ Z ■ 1 ■ Z. The ansatz of the democratic Mp was 
motivated by the successful relation [11] 


m u 3 m e 

_ _ 

m c 4 m /t 


(4.8) 


(independently of n/\ under A S> n) for b u = —1/3 and b e = 0. In Ref. [1], the 
value of k/X has been fixed as n/X = 0.02 by the relations for b u ~ —1/3 


o '"V K 

m c — 2 —- — m 0 
m T A 



(4.9) 


(note that the expression of rn t does not contain the suppression factor n/X). The 
value of /3d = a.rg(—6 rf ) has been chosen as /3d = 7r/10 from the relations for b d — —1 


m. ~ 2 


sm 


Pd 


nip k 
rn T A 


rrio , 


1 Kj 

mb — 2 A m ° 


(4.10) 


Then, we can find in Ref. [1] that these parameter values can successfully provide 
all of the quark mass ratios and CKM matrix parameters. It is worth while noting 
that the model can yield m t nib with keeping m u ~ rrid by adjusting only one 
complex parameter bf and without choosing hierarchically different values between 
b u and b d . 



In order to evaluate the CKM matrices Vl and Vr, it is convenient to define 
the matrix M which are given by 


M = P\5 L )MP\5 R ) = m o y® z A ^j , (4.11) 

where the 6x6 phase matrix P{ 8 ) is defined by 

P(S) = diag(e i5l ,e i62 ,e i53 ,l,l,l) , (4.12) 

(we have used the same notation with the 3x3 phase matrix (4.5)). The unitary 
matrices Uj j and Ur are related to 

U L = U l P\5 l ) , U R = U r P(Sr) , (4.13) 

where 

U l MU\ = U l MU ] r = D . (4.14) 

Then, the CKM matrices Vl and Vr are given by 

V L = UIPJJ? = UlP(5t - wot , 

Vr = U%PoU$ = TT r P{S% - S d R )P 0 U% , 

where 

P 0 = diag(l, 1,1, 0,0,0) . (4.16) 

Since the constraint (3.1) means 8 m = 5^ Li = Sf, so that Vl and Vr are given by 

V L = U L Po(S)U?, V R = U u „P^)U d I l , (4,17) 

where 

P 0 (S) = diag(e iSl ,e iS 2 ,e iS3 , 0, 0, 0) , (4.18) 

with Si = -(<JJ* - Sf). 

The observed CKM matrix parameters are roughly described by (<5i, 82 , 83 ) = 
(0, 0,7r) [1] and more precisely by (<5i, 82 , 83 ) = (0, 0, tt — 7r/30) [12]. However, in 
Refs. [1] and [12], only the 3x3 part of Vl has been investigated. Here, we show the 
numerical results of the 6x6 mixing matrices Ul and Ur for the case of k/X = 0.02, 
(3d = 7r/10, and 83 = n — 7r/30 (we take k — 10 temporarily according to Ref.[1], 



but the results are almost insensitive to the value of k): 


/ +0.9994 

-0.0349 

-0.0084 

—0.0247^ 

+6 x 10" 5 i 

+4 x 10" 6 4 

+0.0319 

+0.9709 

-0.2373 

-0.2051-4 

—0.4345^ 

+0.0259^ 

+0.0165 

+0.2369 

+0.9714 

+0.8989-4 

+0.84314 

-0.04444- 

+0.00934 

+0.11144 

—1.03644 

+0.5774 

+0.5774 

+0.5772 

1 

o 

o 

00 

v|>- 

+0.1649^ 

+0.0209^ 

-0.7176 

+0.6961 

+0.0215 

V —0.00644 

-0.10114 

+0.7927^ 

-0.3894 

-0.4267 

+0.8163 


(4.19) 


' +0.9994 
+0.0319 
+0.0256f 

-0.0349 

+0.9709 

+0.3459f 

-0.0084 

-0.2373 

-0.0747* 

-0.0247* 

-0.2051* 

+0.5773 

+6 x 10“ 5 * 

-0.4346* 

+0.5773 

+4 x 10" 6 * ' 
+0.0259* 

+0.5774 

+0.0165 

+0.2369 

+0.9713 

+0.3274* 

+0.2716* 

-0.6159* 

-0.0118* 

+0.1649f 

+0.0209* 

-0.7176 

+0.6961 

+0.0215 

-0.0064f 

-0.1010* 

+0.7929* 

-0.3894 

-0.4267 

+0.8161 


(4.20) 



/ 0.9772 
0.2118 
0.0137 
0.01184 
0.00644 
v 0.0046^ 


0.2061 

0.9540 

0.2179 

0.16494 

0.10104 

0.066Q4 


0.0506 

0.2124 

0.9759 

0.02094 

0.79274 

0.2706^ 


0.0490^ 

0.20634 

0.4335^ 

0.7176 

0.3895 

0.5773 


0.00074 4 x 10" 5 4 \ 
0.06464 0.00354 
0.48094 0.52514 
0.6961 0.0215 

0.4268 0.8162 

0.5773 0.5774 j 


(4.21) 


where for Uf, for simplicity, we have shown only the magnitudes. Since the mixing 
matrix elements of Uf, are given by the relation (3.5) with good approximation, 
here we have dropped the numerical result of Ur. 

From (4.17), the 6x6 CKM matrix Vj, is given by 


( 0.9756 

0.2196 

0.0028 

0.01744 

0.00384 

0.00464 

\ 

0.2193 

0.9749 

0.0388 

0.16154 

0.09104 

0.12834 


0.0105 

0.0374 

0.9992 

0.01884 

0.79404 

0.24734 


0.07804 

0.32534 

0.98734 

00399 (4) ^ 

0.8104 (I) 2 

0.2879 (£ 

r 

0.03324 

0.15344 

0.05604 

0.0269 (4) 2 

0-0331 (|) 2 

0.0052 (£ 

i 2 

v 0.06264 

0.26384 

0.75174 

0.0331 (+ 

0.6182 (i) 2 

0.2212 + 

f) 


1 o 


(4.22) 



We have again dropped the results of Vr since the numerical results satisfies (3.7) 
very well. 

The numerical results of Cl and Cr, to which the contributions of FCNC 
are proportional, are given as follows: 


/ 2.43314 x 10“ 9 

-2.013 x 10" 8 

-8.845 x 10" 8 



-2.013 x 10“ 8 

9.263 x 10~ 7 

2.208 x 10~ 6 


, (4.23) 

v -8.848 x 10“ 8 

2.208 x 10~ 6 

6.084 x 10~ 6 

) 



Cr = 


( 2.43314 x 10" 7 
2.013 x 10" 6 
V 0.0002840 


2.013 x 10" 6 
9.264 x 10" 5 
0.007087 


0.0002840 \ 
0.007087 
1.000 ) 


(4.24) 


\ct\= 


I 9.615 x 10' 9 
4.026 x 10" 8 
V 8.525 x 10“ 8 


4.026 x 10“ 8 
1.870 x 10" 7 
3.514 x 10" 7 


8.525 x 10" 8 \ 
3.514 x 10" 7 
2.780 x 10" 6 ) 


(4.25) 


Thus, the matrix elements of Cl and Cr are suppressed by factors (1/A) 2 and 
(k/A) 2 , respectively, except for {Cr) & = {Cr)^ {i = 1, 2, 3). We see that the FCNC 
in the present model are harmless to the K°-K° and D °-Z}° mixings. However, the 
elements related to the top-quark have sizable values of Cr: 

{C u R ) tc = 0.000709 , {C u R ) tu = 0.000284 . (4.26) 

The observability of the single top-quark productions via FCNC with (4.26) will 
be discussed elsewhere [9]. 


V. SUMMARY 

In conclusion, we have pointed out that in a seesaw quark mass matrix model 
which yields a singular enhancement of the top-quark mass, the 6x6 mixing matrix 
U R for the right-handed up-quark sector has a peculiar structure, i.e., as if the third 
and fourth rows of U R are exchanged in contrast to the left-handed mixing matrix 
[//. This means that top quark t and the fourth up-quark t' have approximately 
components tL = (2,1), tR = (1,1), t' L = (1,1) and t' R = (1,2) of SU(2)iXSU(2)/j, 
although other fermions have fj j = (2,1), /r = (1, 2), F L = (1,1) and F R = (1,1). 

For a model with the constraint (3.1) which is a likely case, the CKM mixing 
matrices Vl and Vr satisfy the relation (3.8). Observation of t' with mass rn t > — unit 
(of the order of mw R ) is expected at a future collider with a few TeV energy. 



As an explicit example of U B and Ur, we have investigated a model where 
M f is given by a form (4.2). The numerical results, of course, satisfy the general 
relations (3.5) and (3.7). The matrix elements of C — Ufp(Ufp)^ to which FCNC 
are proportional have been evaluated. The contributions of FCNC are harmless to 
the K°-K° and D°-D° mixings. On the other hand, the elements related to the 
top-quark have sizable values (C R ) tc = 0.000709 and (C R ) tu = 0.000284. 

The present model which can successfully give quark mass ratios and CKM 
matrix parameters can also provide fruitful new physics. It seems that the model 
is worth investigating not only phenomenologically but also theoretically. 
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APPENDIX: STRUCTURE OF FCNC 

When the mass matrix M given in (1.1) is transformed as 

i/jlMi/jr + h.c. = ^' l D^' r + h.c. , (Al) 

where ift = (/, F) T , and ij}' = [70 is the mass-eigenstates, the vertex 'i/j a Y ab 'iI>b 
(A, B = L, R) is also transformed into 0 A Y' ABr ip' B , where 

T' ab = U A Y AB U ] B . (A2) 

For simplicity, hereafter, we drop the indices A, B. Correspondingly to (3.3), we 
denote the 6x6 matrix Y in terms of 3 x 3 matrices Y a b (a, b = f,F) as 



Our interest is in the physical vertex Y'^ which is given by 

a b 


(A3) 


(A4) 


where U\ b = {U a bY = (U^)ba, because (Y'^)ij with i ^ j mean transitions between 
fi and fj , i.e., appearance of the FCNC. 



In our SU(2) L xSU(2) R xU(l)y gauge model, the neutral currents = 
gfi/iTpi/j, which couple with the left-handed weak boson Z£, are given by 


pM _ 

1 L ~ 


4 1 


c F l 1 


:V*(1 ™ 7s) + 


d{l 


d F L 1 


-7^1 + 75) , (b!5) 


where 


J _ 

C L 


= -sin 9 L Q f , 


r F - 
C L ~ 


- sin 


(A6) 


4 = ±\h L — sin 2 9 L Qf , 


df = 


-sin 2 9 l Q f , 


(A7) 


sin 2 9 l = 1 — mw L /m 2 z L 


(A8) 


hr, = 


sin 2 0, 


1 — e/ cos 2 9 l cos 2 9 l 


(A9) 


£ = m 


w L 


jm 


2 

W R 


(A 10) 


the factor takes + 1 and - 1 for up- and down-fermions, respectively, and 
Qf ( Qp ) is charge of the fermion / (F). Using the unitary condition for U a b, 
UffUjf + UfpUj F = 1, we can express the physical vertex r ' L ff as 


r w = (dy'/U; + m F u«) ■ Mi - 75) 
+ {dFfjUf} + 47/fC/f) ■ p'U + 75 ) 

= [hi - (d - cDC/fUf] ' M 1 - 7s) 

+ kid <4 - oyyc;;] ■ M 1 +75) • 


(All) 


Similarly, for the neutral current Jp = g^Tp'ljj 1 , which couples with the right- 
handed weak boson Zl, we obtain 


p m 

1 Rff ~ 


41 - (4 - 4)4^4] • M 1 + 75 ) 
44 _ (4 — 4)^44^] 


• ^( 1 - 75 ) 


(7112) 


4 = ±| — sin 2 9pQf , 

4 = ~~ sin 2 9rQf , 


(7113) 


where 



d f R =±\h R — sin 2 9 R Qf , 
— sin 2 9 r Q f , 


4 = 


• 2 /) -i 2/2 

sill e R = 1 - m w Jm ZR , 

sin 2 0, 


— 


7 R 


1 — £ COS 2 d R 


9r = -9 Z l — 


sin Or 


1 — e cos 2 9 r 
sin 9 r cos 9 r \ 1 — e/ cos 2 0 F 


1 — £ COS 2 0 R 


cos 9 l sin 9 r cos 0r\ 1 — £ cos 2 Or/ cos 2 0 l 


(A14) 

(A15) 

(A16) 


(A17) 


Thus, the FCNC are induced by the second terms Uf R Uj F with magnitude 
(cf — c F ) [(d? — cl F )]. Therefore, we have denoted these matrices as C L = Uj F U^p 
and C R = Uf F Uf F in (4.1). 
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